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photoemission  and  optical  work 


Introduction  (W.E.  Spicer) 

The  photoemission  and  optical  work  accomplished  during  this  period  can  be  ii 

vided  into  two  parts:  Continuing  work  on  amorphous  Ge  and  Si  ,  and  work  of  more 

recent  origin  on  increasingly  complex  systems;  such  as,  GeTe  and  As2Se3< 

*The  Si  is  partially  supported  by  contract  5220  with  the  U.  S. 

Army  Research  Office  ~  Durham. 


I  Studies  of  Amorphous  Ge  and  Si 

W.  E.  Spicer,  C.  G.  Ribbing,  and  D.  T.  Pierce 

In  the  Ge  and  Si  work,  our  prior  work  has  emphasized  samples  prepared  so  as  to 
minimize  the  effect  of  extrinsic  defects.  It  is  now  clear  that  differences  between 
our  own  results  and  those  obtained  elsewhere  are  due  to  differences  in  sample  prep¬ 
aration.  Further,  we  concluded  from  examination  of  the  existing  data,  that  these 
differences  are  due  to  large  densities  of  extrinsic  defects  in  much  of  the  work  done 
elsewhere.  In  order  to  obtain  better  insight  into  this,  much  of  our  recent  amor¬ 
phous  Ge  and  Si  work  has  been  directed  at  developing  better  methods  of  sample  prep¬ 
aration  and  specification.  Because  of  the  limited  effort  available  at  Stanford, 
cooperation  with  the  Michelson  Laboratory  at  China  Lake,  California,  and  Xerox  Lab¬ 
oratory  in  Palo  Alto  has  been  important. 


The  Si  work  has  undertaken  principally  to  see  if  the  general  conclusions  which 
we  had  previously  drawn  from  the  work  on  amorphous  Ge  also  apply  to  amorphous  Si. 

This  appears  to  be  the  case.  In  particular,  it  appears  that  the  lacrc  of  importance 
of  k  as  an  optical  selection  rule  is  true  for  Si  as  well  as  Ge.  In  addition,  the 
loss  of  density  of  states  structure  due  to  Bragg  gaps  (see  Appendix  A  and  B)  occurs 
in  amorphous  Si  as  well  as  Ge.  The  sharp  band  edged  (see  Appendix  C)  which  occur  in 
properly  prepared  amorphous  Ge  also  occur  in  properly  prepared  amorphous  Si;  however, 
as  the  literature  shows  (see  Appendices  D  and  F;  and  Ref.  1),  if  sufficient  care  is 
not  taken  in  sample  preparation,  Si,  as  well  as  Ge  (see  Ref.  2),  can  be  prepared 
which  does  not  exhibit  sharp  band  edge. 


In  Appendix  C  we  present  criteria  for  the  preparation  of  materials  sufficiently 
free  of  defects  so  that  sharp  hand  edge.  are  obtained.  If  one  examines  the  literature, 
good  correlation  1.  found  between  these  criteria  and  the  occurrence  of  sharp  edges. 
However,  from  density  measurements, 3  electron  micrograph  studies,  and  the  newly 
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developed  optical  reflective  methods  discussed  below,  it  is  clear  that  sharp  edges 
can  occur  even  when  measurable  numbers  of  defects  in  the  form  of  microvoids  are 
present  in  the  films;  however,  the  band  gap  energy  is  changed  by  the  presence  of 
defects2,3  even  though  it  stays  sharp.  It  is  suggested  that  these  band  edge  shifts 
are  due  to  internal  strains  produced  by  the  microvoids  and  that  more  massive  den¬ 
sities  of  defects  or  other  types  of  defects  are  necessary  to  destroy  the  sharp 

band  edge. 

Galeener5  has  developed  a  theory  relating  the  presence  of  microvoids  to  changes 
in  the  visible  and  ultra-violet  reflectivity  from  amorphous  films.  He  analyzes  the 
data  of  Donovan,  Ashley,  and  Spicer  in  terms  of  a  system  of  plate-like  microvoids 
perpendicular  to  the  surface.  This  system  is  in  remarkable  agreement  with  the 
pattern  of  microvoids  found  by  Donovan  and  Heinemann  in  their  electron  micrograph 

study . 

Experimental  work  done  at  Stanford  in  collaboration  with  the  Xerox  Laboratory 
has  measured  the  change  in  reflectance  as  the  sample  is  deposited  on  substrates  at 
various  temperatures  so  as  to  reduce  the  microvoid  density.  Some  of  those 
are  given  in  Appendix  E.  As  can  be  seen  from  that  paper,  the  experimental  results 
are  in  good  agreement  with  theory.  Of  extreme  importance  is  the  fact  that  such 
measurements  provide  a  very  sensitive  and  relatively  easy  method  by  which  the  pres¬ 
ence  of  microvoids  can  be  detected  and  critical  information  concerning  their  shape 
and  orientation  obtained. 


II .  Summary  and  Future  Plans 

It  is  now  clear  that  the  properties  of  amorphous  Ge  and  Si  can  be  vastly  changed 
by  the  presence  of  microvoids  and/or  other  defects  in  the  films.  Sharp  absorption 
edges  can  be  destroyed  if  the  preparation  conditions  are  sufficiently  bad;  however, 
if  reasonable  care  in  preparation  is  taken,  sharp  edges  can  be  produced.  For  certain 


types  and  magnitudes  of  microvoids  the  sharp  edge  is  retained  but  the  value  of  the 
band  gap  may  be  a  function  of  the  microvoid  density.  In  the  range  of  imperfections 
whore  sharp  edges  occur  the  microvoid  density  and  geometry  has  been  well  defined. 
However,  for  the  case  where  .he  sample  preparation  is  so  far  from  ideal  that  the 
sharp  edge  is  destroyed,  very  little  is  known  about  the  details  of  the  defects.  In 
the  coming  months,  we  will  attempt  to  make  such  films  and  learn  more  about  the  de¬ 
tails  of  the  defects. 
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In  relation  to  theoretical  work,  our  sample  preparation,  specification,  and 

band  edge  studies  have  shown  that  defect  free  amorphous  Ge  and  Si  can  be  produced 

0 

which  approaches  the  perfection  of  the  Polk-Turnbull  model.  Weaire  has  shown 
that  if  the  local  order  in  amorphous  Ge  and  Si  approaches  sufficiently  closely  the 
local  order  in  the  crystalline  material  that  a  sharp  band  edge  remains  in  the 
amorphous  material.  The  fact  that  we  can  make  amorphous  Ge  and  Si  which  approaches 
the  Polk-Turnbull  ideal  model  and  which  has  shirp  band  edges  shows  that  the  local 
order  in  amorphous  Ge  and  Si  can  be  sufficiently  like  that  of  the  crystalline  ma¬ 
terial  to  preserve  the  sharp  edge. 
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Ill .  Compound  Amorphous  Materials 

G.  B.  Fisher,  R.  A.  Powell,  C.  G.  Ribbing  and  W.  E.  Spicer 

A.  Introduction 

Once  some  understanding  of  pure,  elementary  amorphous  materials  is  ob¬ 
tained,  it  become  interesting  to  study  amorphous  materials  containing  more  than  one 
element.  Of  particular  interest  in  such  studies  are  the  details  of  the  bonds  formed 
between  the  various  components.  One  possible  approach  to  such  a  study  is  to  put 
large  amounts  of  impurities  in  an  elementary  amorphous  material  such  as  Ge.  The 
results  of  placing  as  much  as  1%  of  As  in  Ge  are  given  in  Appendix  G.  As  can  be 
seen  from  that  paper,  little  effect  of  this  large  As  concentration  is  found  in 
amorphous  Ge.  This  is  in  agreement  with  the  suggestions  of  Mott. 

B.  Studies  of  the  Amorphous  Ge-Te  System  (G.B.  Fisher  and  W.  E.  Spicer) 

The  photoemission  study  of  the  Ge  Te  system  has  progressed  since 
the  First  Annual  Technical  Report.  The  bulk  of  our  results  along  with  our  new 
ultra-violet  reflectance  data  on  amorphous  and  polycrystalline  GeTe  are  reported 
in  Appendix  H.  In  our  present  work  we  are  determining  if  there  is  significant 
tailing  of  the  density  of  states  into  the  gap  in  amorphous  GeTe  and  we  are  setting 
up  a  photoemission  experiment  on  another  composition  in  the  system  near  GeTeg. 

We  are  currently  conducting  the  experiment  to  look  for  the  tailing  of 
bulk  states  into  the  gap  in  amorphous  GeTe.  Since  high  energy  edges  of  the  EDCs 
move  directly  with  photon  energy,  they  are  representative  of  the  top  of  the  valence 
band  density  of  states.  Photon  energies  just  below  threshold  are  used  to  excite 
any  electrons  lying  above  the  valence  band  maximum.  The  position  of  the  Fermi 
level  and  the  resolution  error  of  the  photoemission  analyzer  are  found  by  over¬ 
coating  the  substrate  with  a  metal  (Au)  and  measuring  its  high  energy  edge  at 
low  temperatures  to  minimize  thermal  broadening.  It  will  be  interesting  to  compare 
the  results  from  amorphous  GeTe  which  may  have  both  structural  and  compositional 

disorder  with  the  previous  photoemission  results  from  elemental  amorphous  semicon- 
2  3  4 

ductors  (i.e.  Si  and  Ge  *  ) . 

This  experiment  acts  additionally  as  a  check  on  the  reproducibility  of 
our  previous  work,  since  we  are  usi.ig  a  different  source  boule  and  a  different  sub 
s  crate  material  (Ta).  With  the  cooling  capability,  we  can  also  see  if  there  is  any 
temperature  dependence  in  the  EDCs  aid  their  high  energy  edges  in  the  range  from 
100°K  to  300°K. 

We  continue  to  take  care  that  our  samples  are  accurately  described 
structurally.  Recently,  amorphous  films  of  GeTe  evaporated  under  experimental  con¬ 
ditions  onto  NaCl  substrates  have  been  sent  to  Dr.  P.  Chaudari  of  IBM  Research  center, 
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Yorktown  Heights,  N.Y.  He  may  determine  a  radial  distribution  function  for  thin  film 
GeTe  and  examine  the  films  for  local  order  using  dark  field  electron  microscopy. 

To  expand  our  study  of  the  CteTe^  system  beyond  GeTe,  we  are  setting 
up  a  photcemission  experiment  to  obtain  an  amorphous  sample  near  the  GeTe2  compo¬ 
sition.  Because  of  the  stringent  requirements  that  photoemission  experiment  places 
on  surface  cleanliness,  any  sample  studied  should  be  prepared  in  situ.  An  electron- 
gun  evaporation  is  the  only  available  method  which  could  hope  to  preserve^the  rel¬ 
ative  amounts  of  Ge  and  Te  from  charge  to  thin  film.  In  fact,  experience  suggests 
that  the  higher  vapor  pressure  of  Te  relative  to  Ge  gives  samples  about  10%  higher 
in  Te  than  the  original  charge.  Thus,  a  Ge  ^Te  „  boule  has  been  prepared  to  be 
used  in  the  e-gun.  The  actual  composition  of  the  sample  will  be  determined  after 
the  experiment.  The  EDCs  measured  will  be  studied  for  changes  in  the  valence  band 
density  of  states  from  GeTe  and  for  evidence  of  tailing  of  states  into  the  gap. 

GeTe  is  potentially  quite  interesting  because  experiments  near  this 
composition  may  give  information  to  choose  between  several  simple  models  which  ex¬ 
plain  the  GeTe  data.  The  GeTe2  composition  itself  is  intriguing  because  it  occurs 
at  the  maximum  in  the  glass  transition  temperature  and  at  the  largest  known  bandgap 
in  the  Ge-Te  system.®  It  has  been  proposed®  that  the  uniqueness  of  this  composition 
in  the  amorphous  form  is  because  the  Ge  atoms  are  four-fold  coordinated  and  addi¬ 
tionally  are  saturated  with  two-fold  coordinated  Te  atoms,  forming  a  structure  anal¬ 
ogous  to  SiO  with  only  Ge-Te  bonds  present. 

This  model  converges  well  with  one  explanation  of  the  two-peaked  struc¬ 
ture  in  the  EDCs  of  amorphous  GeTe.  One  possibility  which  has  occurred  to  us  is 
that  above  x  =  .33,  Geje^  may  consist  of  only  Ge-Ge  and  Ge-Te  bonds.  In  this 
case,  the  first  peak  in  the  amorphous  GeTe  EDCs  (at  -1.5  eV)  which  coincides  with 
the  single  peak  in  the  amorphous  Ge  EDCs  may  be  associated  with  the  Ge-Ge  bond  and 
the  second  peak  may  then  associate  with  the  Ge-Te  bond.  In  this  view  the  EDCs  from 
the  GeTe  composition  with  only  Ge-Te  bonds  would  show  a  strongly  enhanced  second 

peak  with  respect  to  the  first  peak. 

Another  possible  interpretation  of  the  peaks  in  the  EDCs  of  amorphous 
GeTe  is  to  associate  the  first  peak  with  the  four-fold  coordinated  Ge  atom  and  the 
second  with  the  two-fold  coordinated  Te  atom.  The  Ge  in  amorphous  GeTe  is  postu¬ 
lated  to  be  four-fold  coordinated  because,  as  mentioned  above,  the  peak  in  the  EDCs 
of  four-fold  coordinated  amorphous  Ge  coincides  with  the  first  peak  in  the  EDCs  of 
amorphous  GeTe.  This  would  leave  the  Te  atoms  two-fold  coordinated.  In  this  case, 
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the  prediction  lor  the  reeuit  of  the  GeTe,  —  .odd  he  lor  .  ~ 

nent  of  the  second  peek  over  the  first,  corresponding  to  the  increase  in 

tellurium^  ^  f<mr_fol<1  and  two-fold  coordinstlon  for  the 

Ge  end  Te  .tons,  respectlvelv.  Another  vi.hle  slternetive  which  is 
accordance  with  -cent  stmctural  work’  is  three-, oid  coordinstlon  „  bo 
atoms,  possibly  in  .  highly  distorted  form  of  the  sik-fold  coordlna  lon  o  cry 

.  /x  _  5)  this  presumably  implies  that  the 

line  GeTe.  For  the  GeTe  composition  (x  _  .5;,  v 

second  nearest  neighbors  of  each  Co  and  Te  atom  are  three  each  of  the;pposl« 
atomic  type.  Thus,  the  two  peaks  could  he  associated  with  the  wo  en 
bond,  or  again  with  the  atom,  themselves.  However,  in  going  to  a  — *«“ 

CeTe,  one  has  to  have  some  Te-Te  bonding  occurring,  and  presumshl,  »«*  “ 
of  a^ two-coordinated  nature.  It  1.  not  clear  what  one  would  e,pect  in  the  BDC.  o 
the  GeTe 2  composition  under  this  model  hut  it  seem,  one  might  see  ~ 

least  soL  considerable  peak  shift,  a.  compered  with  GeTe  composition  date. 

All  of  these  model,  are  obviously  oversimplified  as  befits  the  state  o, 

. .  fi  ld  However,  these  models  and  their  prediction  for  our 
the  theory  in  the  field.  However,  ».*»« 

experiment  give  ».  -me  direction,  fro.  which  to  approach  a  greater  understand  a 
of  the  Gex  Te^  system. 


“  -sat  ■-=-  sasrasssr.sK  sr 
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c.  Studies  of  ASgSeg  (R.  A.  Powell  and  W.  E.  Spicer) 

At  present, ^hotoemission  studies  of  As2Se3  are  being  maae  over  a  large 
range  of  photon  energies  (threshold  to  12  eV)  in  ultrahigh  vacuum  at  pressures 
<  5  x  io-11  Torr.  Samples  are  prepared  by  the  evaporation  of  high  purity  (99.999%) 
As2  Se3  powder  onto  a  polished  Pt  substrate.  Film  thickness  and  rate  of  deposition 
are  monitored  during  the  evaporation.  The  substrate  temperature  can  be  adjusted  to 
obtain  thin  films  with  various  degrees  of  long-range  order  —  ranging  from  crystal¬ 
line  to  totally  amorphous.  The  effect  of  group  II  dopants  (Cu  in  this  case)  is  also 
being  studied.  Future  work  will  involve  similar  studies  of  high  purity  Se  and 

As  S  . 

Both  the  distribution  of  photoemitted  electrons  and  quantum  yield  have 
been  measured  for  the  heat  cleaned  Pt  substrate.  This  data  is  in  good  agreement 
with  previous  photoemission  studies  of  high  purity  Pt.  Our  measurements  have  also 
enabled  us  to  determine  that  the  work  function  of  the  copper  coated  collector  is 

4.4  ±  0.2  eV. 

Both  the  photoemission  flange  and  high  vacuum  system  we  are  using  have 
been  built  specifically  for  these  experiments.  The  flange  has  been  designed  so  that 
the  substrate  can  be  heated  as  high  as  1000°C  or  cooled  to  liquid  nitrogen  temper¬ 
ature  (77°K).  The  hemispherical  collector  can  was  made  of  spun  conetic  alloy  to 
keep  magnetic  fields  out  of  the  collector  can,  thereby  increasing  EDC  resolution. 
(Provision  has  also  been  made  for  cesiation  to  lower  the  sample  work  function.) 

The  high  vacuum  system  includes  a  high  speed  orb-ion  pump  in  series  with  a  titaniur 
sublimation  pump.  This  combination  effectively  handles  the  large  gas  loads  pro¬ 
duced  during  sample  preparation  and  achieves  a  base  pressure  of  ^  3  x  10  Torr. 
Residual  gas  analysis  of  this  new  system  showed  the  usual  traces  of  He,  H2,  and 
cracked  hydrocarbons. 
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STRUCTURAL  STUDIES 


As  in  the  section  of  Photoemission  and  Optical  Work,  the  structural 
work  is  on  elemental  amorphous  materials  and  the  alloy  amorphous  semi¬ 
conductors  in  the  Ge-Te,  Ge-S  and  As-Se-X  systems,  where  X  is  a  metal  or 
oxygen. 

I.  Studies  of  Amorphous  Si 

F.  Betts  and  A.  Bienenstock 

A  calculation  of  the  intercrystalline  interference  contribution  to 

the  scattering  of  x-rays  by  arrays  of  small  crystallites  has  been  completed 

and  prepared  for  publication.  The  manuscript  is  presented  in  Appendix  H. 

II.  Structural  Studies  in  the  Ge-Te  System 

C.  Bates,  F.  Betts,  A.  Bienenstock,  D.T.  Keating,  J.  deNeufville  and 

Y.  Verhelle 

Neutron  and  x-ray  diffraction  studies  of  Ge  .^^Te  have  now  been 
completed  and  prepared  for  publication.  The  paper  forms  Appendix  I  of  this 
report. 

Similarly,  work  on  x-ray  induced  photoemission  and  x-ray  absorption 
edge  spectroscopy  has  been  completed  and  prepared  for  publication.  The 

paper  forms  Appendix  J  of  this  report. 

Our  more  recent  work  has  been  ccnerned  with  phase  separation  in  the 
Ge-Te  system.  In  the  annual  report,  it  was  indicated  that  we  had  searched 
for  phase  separation  in  sputtered  Ge^e^  films  with  compositions, 
x*0.2,  0.3  and  0.5,  as  well  as  evaporated  films  with  x  ■  0.5,  using  transmission 
electron  microscopy.  In  all  cases,  no  phase  separation  was  observed. 

In  the  intervening  period,  we  have  received  a  prqprint  of  a  paper  by 
A.  Feltz  and  co-workers  on  the  Ge^e^  system.  They  find  two  glass-forming 
regions  in  the  system.  One  extends  from  x  equal  0  to  approximately  0.25. 
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The  other  goes  from  x  equal  approximately  0.39  to  0.42.  These  results  are 
quite  similar  to,  but  not  identical  to,  the  results  for  the  Ge^^  system 
described  in  Appendix  K  of  this  report.  Of  particular  interest  to  the 
concerns  of  this  section  is  the  result  obtained  by  Feltz  et  al.  that  no 
phase  separation  is  observed  in  the  region  with  x  less  than  0.25.  In  the 
second  glass-forming  region,  however,  phase  separation  can  be  observed 
after  a  sample  has  been  annealed  at  350°  C  for  200  hours.  These  results, 
when  taken  together  with  all  the  radial  distribution  studies  which  we  have 
performed,  suggest  the  following  picture  for  the  germanium  chalcogenide 
glasses.  With  x  less  than  0.33,  the  metastable  amorphous  structure  is  one 
in  which  chains  are  crosslinked  by  germanium  atoms.  The  limit  of  such  a 
structure  is  x-  0.33.  In  the  composition  range  with  x  between  0.33  and 
0.5,  it  is  possible  that  the  random  covarent  model  applies  to  the 
vapor-deposited  films  and  the  as-quenched  glasses.  This  supposition  is 
strongly  supported  by  the  extremely  good  agreements  obtained  between  area! 
calculated  on  the  basis  of  the  random  covalent  model  and  the  areas  obtained 
by  X-ray  diffraction  and  neutron  diffraction  radial  distribution  techniques. 
In  the  other  range,  however,  it  is  likely  that  the  metastable  equilibrium 
system  consists  of  phase  separated  GeTe-rich  and  GeTe^rich  mixture.  The 
GeTe  is  probably  threefold  coordinated,  but  covalently  bound. 

Using  this  model  as  a  working  hypothesis,  it  is  apparent  that  the 
previous  compositions  chosen  for  study  were  inappropriate  for  observing  phase 
separation.  As  a  result,  we  have  prepared  sputtered  films  of  Ge^e^  with 
x  -  approximately  0.4.  Transmission  electron  microscopy  studies  on  these 

films  are  just  beginning. 
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At  the  same  time,  it  seemed  appropriate  to  perform  radial  distribution 
studies  on  as-quenched  and  annealed  samples  of  Ge  Se.  with  x  =  0.4  to 

X  X”X 

determine  whether  the  phase  separation  leads  to  a  different  short-range 
order  as  observed  by  the  radial  distribution  studies.  Samples  for  this 
study  have  been  prepared,  and  X-ray  diffraction  measurements  are  underway. 

III.  Structural  Studies  in  the  Ge-S  System 

A.  Bienenstock,  S.  Narasimhan  and  S.C.  Rowland 

The  Ge-S  system  contains  two  glass-forming  regions.  One  extends 
from  S  to  GeS2,  while  the  other  is  a  small  region  centered  around  the  40 
at  %  Ge  composition.  That  is,  the  second  is  near  the  eutectic  between 
GeS2  and  GeS.  Earlier  work  indicated  that  the  second  glass  forming  region 
contained  both  covalently  bonded  GeS2  tetrahedra  and  ionic  GeS  octahedra. 

Since  this  picture  did  not  match  that  which  and  been  found  by  us  for  the 
Ge-Te  system,  radial  distribution  studies  were  undertaken.  The  results  are 
described  in  the  manuscript  of  Appendix  K,  which  has  been  submitted  for 
publication. 

IV.  Impurity  Effects  in  As„Se_ 

A.  Bienenstock  and  K/Liang 

As  indicated  in  the  original  proposal,  it  was  our  intention  to  assess 
the  possibility  of  using  local  mode  spectroscopy  to  understand  the  role  of 
Be  and  Mg  impurities  in  the  conductivity  of  As2Se3.  These  impurities  were 
chosen  for  study  because  of  their  small  modification  of  As^e^'s  conductivity. 
This  small  modification  is  similar  to  that  resulting  from  the  admixture  of 
Ca  and  is  quite  different  from  the  large  modification  obtained  by  admixing 
Cu. 

In  the  first  annual  report  on  this  contract,  we  reported  some  results 
which  changed  the  direction  of  research  somewhat.  In  particular,  we 
reported  some  results  on  samples  which  had  sat  in  air  at  room  temperature 
for  18  months.  These  samples  were  "pure"  As2Se3*  as  well  as  some  to  which 
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5%  Be,  Mg  and  Ca  had  Been  added.  The  "pure"  aample  sho»ed  two  infrared 
absorption  peaks  at  635  and  780  cm'1  which  have  been  associated  with  the 
presence  of  oxygen  imparities.  The  samples  to  which  the  metals  had  been 
added  did  not  show  these  absorptions.  Hence,  adding  Group  II  metals  to 
chalcogenide  glasses  became  a  potential  method  of  eliminating  undesirable 
effects  of  oxygen  on  infrared  transmitting  glassy  chalcogenides.  Because 
of  the  potential  importance  of  this  result  for  infrared  window  technology, 
emphasis  has  switched  to  an  examination  of  this  phenomenon.  This  report 
presents  preliminary  results  associated  with  that  examination. 

Initial  efforts  were  concentrated  on  construction  of  a  high  vacuum 
glass  preparation  system  so  that  the  oxidation  of  the  samples  could  be 
reduced  and  so  that  large  numbers  of  samples  could  be  prepared.  That 
construction  is  now  completed  and  a  number  of  samples  have  been  prepared. 

As  indicated  earlier,  any  improvements  in  resistance  to  oxidation 
degradation  achieved  by  such  metallic  additions  might  be  counterbalanced 
by  compensating  decreases  in  the  quality  of  other  properties.  For  this 
reason,  a  study  of  the  glass  transition  temperature,  Tg,  and  gross 
crystallisation  behavior  was  undertaken  using  the  DTA  (Differential  Thermal 
Analysis)  technique.  Measurements  on  glasses  to  which  5%  Be,  Mg  and  D, 
have  been  added  indicate  that  Tg  shif  ts  downwards  by  no  more  than  10"  C. 
This  should  not  be  of  too  great  technological  importance.  Nevertheless, 
the  downward  shift  is  undesirable  and  raises  the  question  of  how  low  a 
concentration  of  Group  II  metals  can  be  used  to  eliminate  the  oxygen 
absorption  peaks.  This  is  now  being  investigated. 
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In  the  annual  report,  It  was  indicated  that  the  addition  of  5%  Mg 
appeared  to  increase  the  crystallization  rate  markedly.  That  is,  DTA 
studies  performed  at  a  20°  C/min.  heating  rate  showed  the  beginning  of  a 
crystallization  exotherm  at  310°  C  and  an  exotherm  peak  at  approximately 
325°  C.  A  similar  DTA  study  of  the  "pure"  ASjSe^  shows  no  such  exotherm. 

This  result  was  discouraging,  for  it  indicated  that  the  metallic  additions 
might  •)"  general,  increase  the  probability  of  crystallization  of  these 
mater l<.  3. 

Fortunately  from  the  technological  point  of  view  and  unfortunately 
from  the  scientific  point  of  view,  we  have  not  been  able  to  reproduce  these 
results  in  the  newer  samples.  That  is,  the  samples  with  5%  additions  of 
Be,  Mg  and  Ca  show  no  greater  tendency  to  crystallize,  as  defined  in  the 
above-described  DTA  experiment,  than  does  "pure"  As2Se3.  We  have  searched 
unsuccessfully  for  an  explanation  of  why  the  18-month-old  sample  showed 
the  crystallization  exotherm  while  the  new  samples  do  not.  One  possible 
explanation  was  that  the  older  samples  had  time  to  develop  crystalline 
nuclei  which  grew  at  elevated  temperatures.  This  possibility  was  partially 
eliminated,  however,  when  it  was  found  that  when  the  older  samples  were  heated 
to  well  above  the  melting  temperature  of  As2Se3  and  then  quenched  to  reform 
the  glass,  they  would  crystallize  rapidly  on  the  next  heating  cycle  of  the 
DTA.  Hence,  if  the  nuclei  were  small  crystals  of  As2Se3»  they  would  be 
eliminated  in  the  melting  process  and  could  not  act  as  nucleation  centers 
in  the  next  heating  cycle.  On  the  other  hand,  it  is  possible  that  the 
nuclei  are  small  crystals  of  some  compound  with  a  higher  melting  temperature 
than  that  of  As2Se3>  like  MgSe.  In  this  case,  the  nuclei  would  not  be 
melted  in  the  initial  heating  to  above  the  melting  temperature  of  As2Se3. 
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Alternatively,  it  is  possible  that  the  older  samples  have  other  impurities 
of  which  we  are  unaware.  These  possibilities  are  now  being  investigated. 

At  the  same  time,  we  have  been  continuing  our  efforts  to  understand 
the  role  of  the  impurities  on  the  electrical  and  optical  properties  of 
As2Se^.  Newly  prepared  samples  with  additions  of  Mg  and  Ca  have  been  used 
for  infrared  absorption  studies  in  the  range  of  300_1  cm  to  16,600_1  cm. 

The  most  interesting  feature  of  these  results  is  the  fact  that  no  absorption 
peak  which  cannot  be  associated  with  pure  As2Se2  is  found  in  this  range. 
Indeed,  our  measurements  indicate  that  almost  all  the  decrease  in  transmission 
in  this  range  can  be  associated  with  reflection  losses. 

Finally,  we  should  note  that  the  near  infrared  absorption  measurements 
indicate  that  the  addition  of  5%  Mg  or  Be  leads  to  no  appreciable  shift 
in  the  optical  band  gap.  These  results  are  consistent  with  the  conductivity 
measurements  which  Indicated  no  appreciable  shift  in  the  thermal  gap. 
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Photoconductivity  in  Amorpnous  Chaicogenldes 


(Semi-Annual  Report  on  2-KUA-703). 

Faculty:  Richard  H.  Bube 
Student:  Thomas  C.  Arnoldussen 

Theory 

A  model  for  photoconductivity  in  amorphous  chalcogenide  alloys 
has  been  developed  which  is  able  to  account  for  all  the  known  experimental 
variations  with  excitation  intensity  and  temperature,  and  which  provides 
the  basis  for  determining  intrinsic  parameters  of  the  localized  state 
structure  and  the  transport  process.  The  results  of  this  theoretical 
work  and  its  application  to  known  photoconductivity  data  are  summarized 
in  the  manuscript,  "Analysis  of  Photoconductivity  in  Amorphous  Chalcogenides" , 
included  as  an  Appendix  to  this  report. 

Experiment 

The  objectives  of  our  experimental  work  are  to  obtain  measured  values 
for  the  parameters  involved  in  our  proposed  theoretical  model  for  photo¬ 
conductivity,  and  to  expand  and  improve  the  model  if  needed.  We  are 
concerned  primarily  with  the  measurement  of  dark  conductivity,  photo¬ 
conductivity,  thermoelectric  power  and  optical  absorption  as  a  function 
of  temperature.  We  may  also  attempt,  however,  Hall,  drift-mobility, 
photoluminescence,  and  AC  conductivity  measurements  as  feasible. 

We  have  chosen  the  system  [~Ge  (Se1_yTey)2"^x  LAs2^Sel-yTey^  1-x 
for  primary  investigation,  and  furthermore  have  chosen  the  two  endpoints 
of  the  composition  range  corresponding  to  y  =  2/3,  i.e.,  As2SeTe2  and 

Ge  Se  Te  .  for  initial  investigation  in  bulk  and  film  form. 

3  2  4  ’ 

To  date  we  have  prepared  bulk  As2SeTe2,  as  well  as  a  powder-hot-pressed 
sputtering  cathode  of  the  same  material  for  thin  film  sputtered  films.  The 
bulk  material  was  prepared  by  sealing  the  appropriate  amounts  of  As  (6-nines 
pure,  stored  in  vacuo) ,Se( 5-nines  pure,  in  shot  form),  and  Te  (5-nines  pure, 
in  chunk  f arm) ,  in  an  evacuated  quartz  ampoule  and  placing  it  in  a  rocking 
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furnace  at  500°C  for  48  hr  (with  two  1-hr  periods  at  650°C) .  The  melt  was 
removed  from  the  500°C  furnace  and  immediately  quenched  in  300°K  water. 

Part  of  this  bulk  material  was  loaded  into  a  ball-mill  jar  under  an  inert 
nitrogen  ambient  dry-box.  The  jar  was  sealed  by  rubber  O-rings  and  removed 
from  the  dry-box  with  a  nitrogen  almosphere  presumably  trapped  inside  the 
jar.  The  material  was  then  ball-milled  for  a  total  of  30  min  with  rest 
periods  to  keep  the  jar  from  heating.  Returning  the  jar  to  the  dry-box, 
the  powdered  material  was  hot-pressed  in  a  stainless-steel  die  at  150°C 
and  about  15,000  psi  for  2  hr  in  the  nitrogen  atmosphere.  The  compacted 
disc  was  removed  and  polished  and  its  density  measured.  The  compacted 
density  was  found  to  be  97.6  percent  of  the  theoretical  average  density 
of  ( As2Se3) 1^3(As2Te3^ 2/3 ’  which  is  a  suitable  degree  of  compaction  for 
use  as  a  sputtering  cathode.  Electron-microprobe  analysis  is  being 
done  to  check  the  uniformity  of  this  cathode  as  to  composition,  grain  size 


etc . 

A  sample  of  pure  As2Se3  is  also  prepared,  which  will  be 

subjected  to  the  same  preparation  procedure  as  outlined  above.  This 
sample,  when  analyzed  in  bulk,  pressed  cathode  and  thin  film  form  by 
microprobe  and  infrared  transmission  spectroscopy,  will  give  us  an 
indication  of  the  concentration  of  oxygen  impurity  introduced  during 
fabrication. 
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A  qualitative  distinction  is  made  between:  1)  Bragg  band  gaps  due  primarily  to  long  range  order  and 
the  Bragg  reflection  condition  and  2)  chemical  gaps  which  reflect  only  chemical  bonding.  The  density  of 
states  of  amorphous  and  crystalline  Ge  are  discussed. 


In  considering  ;'.ie  density  of  states  of  crystal¬ 
line  and  amorphous  Ge  and  Si  (as  well  as  other 
materials),  it  may  be  useful  to  make  a  simple 
distinction  between  two  types  of  band  gaps:  1) 
chemical  gaps  which  are  primarily  the  result  of 
the  chemical  character  of  the  material,  for  ex¬ 
ample  the  covalent  band  in  the  present  case,  and 
2)  Bragg  gaps  which  result  from  the  Bragg  re¬ 
flection  condition,  and  thus,  long  range  order. 

The  first  type  of  gap  should  depend  principally 
on  near  neighbor  interactions  and  thus  persist  in 
the  amorphous  material,  whereas,  the  latter 
should  only  occur  in  the  crystalline  case.  It  is 
recognized  that,  in  the  crystalline  material,  it 
is  impossible  to  say  that  a  given  gap  is  entirely 
chemical  or  Bragg  in  nature.  However,  since 
the  Bragg  reflection  condition  is  removed  in  the 
amorphous  case,  only  chemical  gaps  should  re¬ 
main  in  these  materials. 

In  fig.  1,  we  present  the  optical  density  of 
states  for  amorphous  Ge  [1]  obtained  by  photo¬ 
emission  and  optical  measurements.  For  the 
sake  of  comparison,  the  density  of  states  of 
crystalline  Ge  obtained  from  band  calculations 

[2)  is  also  presented.  There  is  a  striking  differ¬ 
ence  between  these  two  curves.  The  crystalline 
density  of  states  has  strong  conduction  band 
peaks  at  about  2.1,  3.9,  and  5.5  eV  and  valence 
band  peaks  at  about  -2.6  and  -3.9  eV.  None  of 
this  structure  appears  in  the  curve  for  the  amor¬ 
phous  material.  The  situation  is  similar  for  Si 

[3] .  From  these  results,  we  suggest  that  the  five 

*  Work  at  Stanford  supported  by  ARl’A  through  the 
Center  for  Materials  Research  and  Army  Office  of 
Scientific  Research,  Durham. 


Fig.  1.  A  comparison  of  the  density  of  states  of  crys 
talllne  Ge  with  the  optical  density  of  states  of  amor¬ 
phous  Ge. 


strong  peaks  in  the  crystalline  material  are  pri¬ 
marily  the  results  of  the  Bragg  reflection  con¬ 
dition.  As  i  an  be  seen  from  an  examination  of 
(lie  band  structure  the  large  peaks  in  the  crystal¬ 
line  density  of  states  are  due  principally  to 
states  near  the  zone  face  where  the  effects  of 
Bragg  reflection  would  be  greatest. 

One  might  argue  that  the  density  of  states 
peaks  are  present  in  the  amorphous  material  but 
that  they  are  not  detected  because  transitions 
from  them  are  suppressed  by  weak  matrix  ele¬ 
ments.  This  argument  looses  its  strength  if  one 
remembers  that:  1)  if  the  matrix  element  is 
weak  in  one  spectral  range,  and  2)  the  integrated 
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transition  probability  tor  the  valence  is  limited 
by  the  sum  rule.  In  amorphous  Ge,  ‘he  sum 
is  m  exhausted  [4]  for  0  «  hv  «  11.8  eV  (11.8 

is  the  upper  limit  of  the  photoemission  measure¬ 
ment).  Since  the  sum  rule  is  almost  exhaus  e 
within  the  range  of  measurement,  it  seems  un¬ 
likely,  that  strong  structure  could  exist  and  not 
have  been  detected  in  the  photoemission  and  op 
tical  studies  from  which  the  optical  density  of 

states  was  derived.  . 

Although  the  sharp  peaks  in  the  crystalline 
density  of  states  do  not  appear  in  the  amorphous 
material,  there  is  still  a  band  gap  separating  the 
conduction  and  valence  bands.  This  is  clea‘y 
chemical  gap  due  to  the  covalent  bond.  It  appear 
that  if  care  is  taken  to  eliminate  micro-voids 
and  impurities,  amorphous  Ge  and  Si  can 
formed  in  which  these  band  edges  are  quite  sharp 
without  appreciable  tailing  of  states  into  the  gap 
[51.  Drift  mobilities  greater  than  1  cm  /V  sec 
have  been  measured  in  such  material  and  he  op 
tical  absorption  and  photoconductive  thresholds 

C01The ' retention  of  the  sharp  edges  of  the  for¬ 
bidden  gap  in  the  amorphous  material  is  attn 
uted  to  the  fact  that  the  covalent  bond  is  retained 
almost  undisturbed  in  the  amorphous  material. 
The  sharpness  of  the  gap  in  the  amorphous 
material  is  probably  a  reflection  °f  how  well  the^ 
covalent  bond  is  defined;  however  the  gap  ener 
gy  is,  of  course,  much  less  than  the  covalent 
bond  energy.  Note  that  the  valence  bond  width  is 

greater  than  the  band  gap. 

With  these  thoughts  in  mind,  one  can  reexan  - 
ine  the  crystalline  and  amorphous  density  of 
states  of  fig.  1.  In  the  amorphous  material  the 
principal  constraint  on  the  density  of  states  is 
the  covalent  bond;  thus,  the  density  of  states  f 
the  amorphous  material  can  be  thought  of  as  the 
density  of  states  imposed  principally  by  the  co¬ 
valent  bond.  The  single  broad  valence  band  max 


imum  in  the  amorphous  density  of  states  coin¬ 
cides  in  energy  with  states  along  the  bond  direc 
tion  in  crystalline  Ge. 

For  the  crystalline  material,  a  second  major 
constraint  is  added,  that  of  long  range  order, 
this  produces  Bragg  reflection  band  structure 
and  the  reduced  zone  scheme.  As  a  result  of  this 
added  set  of  constraints,  the  sharp  peaks  shown 
in  fit.  1  appear  in  the  density  of  states  of  the 
crystalline  material.  Thus,  it  is  suggested  that 
the  density  of  states  of  the  amorphous  material 
reflects  principally  the  constraints  set  by  he 
covalent  bond;  whereas,  the  density  of  states  of 
the  crystalline  material  results  from  the  con 
straints  set  by  long  range  crystalline  order  as 
well  as  the  covalent  bond. 

Useful  discussions  with  A.  Bienenstock,  J. 
Fischer,  V.  Heine,  G.  Lucovsky,  D.  Pierce,  J. 
Stuke,  D.Weaire  and  J.  Tauc  are  gratefully  ac¬ 
knowledged. 
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IMPURITY  ELECTRONS  IN  AMORPHOUS  GERMANIUM 
A  PHOTOEMISSION  ARGUMENT  FOR  THE  MOTT  MODEL  * 
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Photoemission-monsuromonts  of  amorphous  and  crystallized  tie  alloyed  with  As  are  reported.  The 
results  show  that  while  the  effect  of  alloying  on  the  electronic  structure  is  strong  in  the  crystalline  case, 
it  is  relatively  small  for  the  amorphous  material. 


The  addition  of  some  impurity  atoms  (typical 
exceptions:  Ag  and  Cu)  to  some  semiconducting 
chalcogenide  glasses  has  little  effect  upon  the 
electric  conductivity  as  shown  in  early  works  by 
Kolomiets  and  Nazarova  [1 1.  To  explain  this 
absence  of  doping  effects.  Gubanov  [2 1  suggested 
that  the  impurity  electrons  remained  in  the  amor¬ 
phous  pseudogap  occupying  deep  localized  states 
that  did  not  contribute  to  the  conductivity.  The 
only  effect  of  doping  would  be  to  raise  the  Fermi 
level  of  the  material.  An  alternative  hypothesis 
was  put  forward  by  Mott  [3].  Focussing  on  the 
structural  flexibility  of  an  amorphous  solid,  lie 
assumed  that  all  five  valence  electrons  of  e.g.. 
a  phosphor  atom  in  amorphous  germanium  could 
be  covalently  bonded  by  a  local  change  in  coordi¬ 
nation. 

The  present  work  is  an  attempt  to  prove  exper¬ 
imentally  which  of  the  two  theories  is  valid  for 
the  case  of  amorphous  Ge  doped  with  As.  The 
experimental  method  used  was  UV  photoemission 
and  the  conclusions  rely  heavily  on  comparisons 
with  an  earlier  experiment  on  undoped  Ge  [4]. 

The  equipment  used  was  the  same  as  detailed  in 
ref.  [4]  and  the  procedures  were  virtually  iden¬ 
tical. 

The  source  material  was  prepared  from  Eagle 
Picher  Intrinsic  grade  polycrvstalline  Ge  and  l  n 
Electronic  Space  Products.  Inc.  (ESPI's)  5N  As. 
which  was  melted  in  an  evacuated  quartz  ampoule. 

*  This  work  was  supported  bv  the  Advanced  Research 
Projects  Agency  through  thu  Army  Office  of  Scien¬ 
tific  Research  and  through  the  Center  for  Materials 
Science  at  Stanford  University. 

**  On  a  grant  from  the  Swedish  Hoard  for  Technical 
Development.  Present  address:  Institute  of  Physics. 
Box  5110,  S/0121  Uppsala,  Sweden. 


As  was  to  be  expected  from  the  equilibrium 
phase-diagram  for  the  Ge-As  system  [ 5 J .  the 
result  was  a  phase-separated  mixture  of  Ge 
and  GeAs.  This  source  material  was  etched  to 
remove  surface  oxides,  placed  in  the  ultra  high 
vacuum  chamber  which  was  pumped  down  to 
roughing  pressure  within  a  few  hours  after  the 
etching.  After  baking  and  final  pump  down,  the 
source  material  was  pre-melted  for  30  sec  in 
the  c-gun  crucible,  with  the  main  shutter  closed. 
Thereby  the  pressure  rose  to  --1 0~ tori'.  The 
Go  single  crystal  substrate  was  heat  cleaned  at 
more  than  450°C  for  about  25  minutes.  After  the 
usual  deposition  of  a  fresh  gold  layer  on  the  col¬ 
lector.  the  sample  film  was  e-gun  evaporated  at 
a  source-to- substrate  distance  ol  48  cm.  The 
rate  readings  on  the  quartz  crystal  monitor  wore 
1-4  A  sec.  During  evaporation,  the  pressure 
rose  to  3  10"  ‘  torr  from  the  base  pressure  id1 

2.5  •  10-10  torr.  After  the  experiment  the  sam¬ 
ple  thickness  was  measured  on  a  Varum  A  scope 
giving  C40  ±50  A  and  an  average  deposition  rate 
of  2.3  A  see. 

Judging  from  the  vapor-pressures,  there  were 
reasons  to  believe  that  Ge  and  As  might  evaporate 
at  different  rates.  Therefore  the  crystallized 
sample  film,  an  amorphous  test  film  and  the  re¬ 
maining  source-material  were  carefully  micro¬ 
probed.  The  L  lines  of  Ge  and  As  were  used  to 
obtain  a  good  analysis  of  t he  relatively  thin  film. 
An  As  content  of  4.5  t  0.5  n  was  tound  in  the  films 
with  no  detectable  phase  separation  and  no  appar¬ 
ent  concentration  gradient  over  the  thickness  of 
the  film.  The  possibility  of  phase  separation  on 
a  microscopic  scale  can  however,  not  be  ruled 
out  since  the  resolution  of  the  microprobe  was 
only  ~Ip.  The  As  content  in  the  source  material 
was  0.013  ±  0.0003  b  showing  that  the  As  indeed 
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Kin.  1,  Normalized  KlH’s  I'or  amorphous  mill  polvcrvs- 
lulfino  (it1  in  untlopi'tl  idashl'd  lineal  and  alloyed  ruse 
(full  I i IK’S ) . 

had  evaporated  preferentially.  This  implies  that 
even  the  few  outermost  atomic  layers  must  have 
had  a  dopont  content  5  •  10^®  cm"3,  while  lb: 
upper  limit  is  still  4.5  n.  Fig.  1  gives  a  compari¬ 
son  ol  normalized  energy  distribution  curves 
(EDO’s)  lor  the  doped  case  tie- As  in  this  experi¬ 
ment  (full  lines)  hud  the  case  of  undoped  Ge 
reported  earlier  (dashed  curve)  [4|.  The  top 
curves  arc  ior  the  as  deposited  amorphous 
films  and  the  bottom  ones  for  the  poly-crystal- 
line  films  obtained  after  annealing  in  situ  for  30 
minutes  at  450°C.  It  is  worth  noting  that  anneal¬ 
ing  to  only  300°C  did  not  produce  any  crystalline 
structure  in  the  EDCs  as  observed  in  the  undoped 
case.  This  is  in  agreement  with  the  observation 
that  the  presence  of  impurities  tends  to  stabilize 
the  amorphous  state  [6,  7j. 

Betore  examining  the  experimental  data  in 
detail  we  recall  that  i!  Gubanov’s  model  was 
applicable  to  this  case  we  would  expect  to  see 
emission  from  states  in  the  forbidden  gap.  since 
a  large  number  of  impurity  electrons  would  lie 
present  in  I  hose  localized  states,  Furthermore 
the  occupancy  ol  these  states  would  shilt  the 
Fermilevel  upwards.  11  Mott's  model  was  applic¬ 
able  we  would  not  expect  any  extra  emission 

8f> 


from  gap  states,  no  change  in  Fermi  level  but 
possible  a  small  shift  in  the  valence  band. 

Now  looking  at  fig.  1  the  curves  clearly  show 
how  much  more  the  electronic  structure  ol  the 
crystalline  material  is  affected  by  the  impurity 
than  is  that  of  the  amorphous.  The  difference  in 
workl'unction  can  only  be  responsible  lor  a  part 
of  the  discrepancy  in  the  crystalline  case.  The 
similarity  of  the  two  amorphous  curve0  is  striking 
considering  that  they  were  recorded  in  two  diffe¬ 
rent  experiments  and  originate  Irom  films  depo¬ 
sited  at  different  pressures.  The  dill  fence  in 
peak  heights  stems  front  the  normalization  to  the 
photoelectric  yield  which  was  about  10'o  different 
lor  the  two  cases.  All  four  curves  have  been 
lined  up  by  their  Fermi  level  for  comparison. 

The  fact  that  the  positions  of  the  peaks  in  the 
amorphous  cases  agree,  therefore  indicates  that 
the  Fermi  level  has  not  shifted  more  than  the 
experimental  uncertainty  ^  50  meV.  upon  alloying. 
Our  experimental  results,  thus  seem  to  favor 
Mott’s  model  of  flexible  coordination  rather  than 
the  gradual  occupation  of  localized  gap  states.  It 
appears,  however,  as  if  the  valence  band  edge 
has  shifted  upwards.  From  several  curves  in  the 
6.2  -  7.8  eV  range,  the  interval  from  Fermi  level 
to  valence  band  maximum  (VBM)  were  determined, 
using  the  deconvolution  method  of  ret.  |4|.  to  be 
0.21  ±  0.03  eV  apart.  This  should  be  compared  to 
0.31  ±0.05  eV  for  the  case  of  pure  amorphous  Ge. 


r  -MM-  o-Ge  As 

-OOOO  c  -Gf  As 

# 

■  (' 

|_ 

|  j-  • 

* 

* 

l  ■  J* 

4  j? 

/  / 

r  J 

*  J 

i"  *  / 

*  j 
v  ■ 

•/ 

• 

"  60  65 

70  75 

PHOTON  ENERGY  teVl 


Kig,  2.  Iliilhnuyne  plot  ol  the  photoelectric  yield  tor 
alloy  i  tie  in  the  amorphous  anil  polverystal line  ease. 


34 


Volume  3  7  A.  number  1 


1M1YS11  S  1.  KTT  KHS 


2o  ( iL’tober  If)  1 1 


This  barely  significant  shift  is  remarkably  small 
considering  the  large  amount  of  As  present  in 
the  sample. 

The  Ef  -  VBM  difference  for  the  a  -  Ge:  As 
case  of  0.21  eV  added  to  the  work  function  of  the 
sample  4.73  ±0.04  as  obtained  from  the  EDCs, 
gives  a  threshold  of  4.94  eV.  This  agrees  well 
with  the  threshold  4.95  eV  obtained  from  yield-^ 
measurements  by  extrapolation  of  the  l'1 
versus  hv- relation  plotted  in  fig.  2.  which  was 
recently  derived  by  Ballantyne  [8].  Fig.  2  also 
shows  the  curve  for  the  yield  of  the  crystallized 
film.  We  interpret  the  tailing  off  from  the  linear 
relation  at  photon  energies  close  the  threshold  as 
yet  another  indication  of  the  presence  of  impurity 
electrons.  A  similar  tail  in  fig.  8  of  ref.  [4|  most 
likely  originates  in  stray  electrons  from  the  ion 
pump,  since  in  that  case  the  photoelectric  yield 
was  measured  by  collector-current.  In  this  ex¬ 
periment.  however,  that  small  systematic  error 
was  eliminated  by  monitoring  emitter-current. 

In  conclusion,  we  find  that  this  experiment 
gives  dramatic  verification  of  the  ability  of  amor¬ 
phous  Ge  to  accommodate  impurity  electrons, 
without  gross  effects  on  the  electronic  structure. 


Our  results  furthermore  appear  to  favor  Mott's 
explanation  that  this  is  due  to  the  ability  of 
amorphous  materials  to  allow  local  rearrangi 
ments  of  the  coordination,  in  marked  contrast  to 
the  corresponding  crystalline  material. 

The  authors  gratetully  acknowledge  Vvi  s  Ver 
helle  for  preparing  the  sourve  material  and  (  uck 
Taylor  fur  extensive  microprobi  analysts. 
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Photoemission  Investigation  of  Amorphous  Germanium  t 

C.  G.  Ribbing,*  D.  T.  Pierce,  and  W.  E.  Spicer 
Stanford  Electronics  Laboratories,  Stanford  University,  Stanford,  California  94305 

(Received  30  June  1971) 

Photoemission  measurements  of  amorphous  germanium  films  have  been  made  in  the  photon 
energy  range  6.  2-11.7  eV.  A  spectrum  with  one  broad  peak  1. 25  eV  below  the  high-energy 
cutoff  is  obtained,  similar  to  earlier  results  of  Spicer  and  Donovan.  By  comparison  with 
gold  spectra  and  using  simple  models  for  the  resolution  function  and  the  high-energy  edge  in 
the  electron  distribution,  the  valence-band  edge  is  placed  0. 31  ±  0. 05  eV  below  the  Fermi  en¬ 
ergy,  with  no  evidence  for  tailing  of  the  density  of  states  into  the  gap.  Careful  annealing  mea¬ 
surements  through  several  temperatures  below  the  crystallization  temperature  showed  no 
gradual  changes  until  the  rather  abrupt  appearance  of  crystalline  structure  after  anneals  to 
300  and  350°C.  Deposition  at  rates  of  2  and  26  A/sec  gave  no  significant  change,  nor  did 
deposition  onto  substrates  at  - 170-150  •  C.  The  absolute  photoelectric  yield  was  measured, 
and  its  energy  dependence  found  to  be  in  very  good  agreement  with  recent  theoretical  results 
of  Baliantyne.  During  successive  annealings  the  yield  first  increased  and  then  decreased  to 
a  significantly  smaller  value  than  the  amorphous  yield.  A  tentative  explanation  of  this  be¬ 
havior  is  given  within  a  random-network  description  of  amorphous  germanium. 


1.  INTRODUCTION 

The  electronic  structure  of  amorphous  germanium 
films  has  been  intensively  studied  during  recent 
years.  Important  contributions  have  been  the  theo¬ 
retical  work  of  Mott,1’*  the  optical  and  electrical 
measurements  by  Clark,*  the  optical  studies  of  Tauc 
et  al.  ,4-#  the  photoemission  and  optical  measure¬ 
ments  by  Spicer  and  Donovan,7"*  and  the  very  re¬ 
cent  studies  of  optical  properties  and  their  depen¬ 
dence  on  annealing  and  deposition  rate  by  Theye, ,0,n 
In  the  work  reported  here,  which  is  an  extension 
and  refinement  of  the  photoemission  measurements 
of  Spicer  and  Donovan,  we  particularly  wanted  to 
study  how  the  annealing  properties  of  amorphous 
Ge  films  varied  with  deposition  conditions  such  as 
substrate  temperature  and  evaporation  rate.  We 
also  aimed  to  locate  the  Fermi  level  with  respect 
to  the  valence-band  edge.  Since  there  has  been 
considerable  discussion*  about  tailing  of  the  density 
of  states  into  the  gap,  we  also  considered  it  worth¬ 
while  to  repeat  Spicer  a-.f  Donovan’s*  comparison 
of  photoelectron  energy  ribution  curves  (EDC’  s) 
for  amorphous  Ge  with  the  EDO’s  of  the  same  film 
annealed  in  situ  until  characteristic  crystalline 
structure  appeared. 

II.  EXPERIMENTAL 

The  measurements  were  performed  with  light 
monochromated  to  a  full  width  at  half-maximum  of 
0. 10-0. 20  eV  over  a  photon  energy  range  6. 2 
« 11. 8  eV.  The  upper  limit  was  set  by  the  trans¬ 
mission  cutoff  of  the  LiF  window  on  the  ultrahigh- 
vacuum  chamber.  The  photoelectron  energy  was  mea¬ 
sured  with  the  retarding-f  ield  energy  analyzer  con  - 
taining  a  spherical  screened  emitter,  described  by 
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DeStefano  and  Pierce.12’ 15  The  energy  distribution 
curves  were  obtained  using  the  ac  modulation  technique 
reported  by  Spicer  and  Berglund14  andby  E,>n.15  The 
substrate  holder  was  essentially  a  block  of  annealed 
copper  which  could  be  pivoted  out  of  the  collector  so 
that  the  substrate  was  in  a  horizontal  position  for 
evaporation.  The  substrate  was  a  polished  disk- 
shaped  single  crystal  of  Ge  ip  type,  11  Ocm,  from 
semimetal).  The  substrate  holder  contained  a 
heater  and  a  thermocouple  used  to  monitor  the 
sample  temperature. 

A  special  cooling  device  was  constructed  which 
allowed  the  sample  to  be  cooled  to  near  liquid-ni¬ 
trogen  temperature,  it  consisted  principally  of  a 
15-cm-long  5-mm -thick  flexible  bundle  of  hydrogen- 
fired  C.  013- mm  oxygen-free  high -conductivity 
(OFHC)  copper  wires,  the  ends  of  which  were 
brazed  into  blocks  of  annealed  copper.  One  block 
was  tightly  screwed  onto  the  tip  of  a  cold  finger 
that  could  be  filled  with  liquid  nitrogen  from  out¬ 
side  of  the  chamber.  The  other  end  was  connected 
to  the  substrate  holder  via  a  polished  sapphire  disk 
1  mm  thick,  providing  good  thermal  conduction  to 
the  substrate,  but  also  electrical  insulation  from 
the  chamber.  An  extra  Pyrex  washer  had  the  ef¬ 
fect  of  increasing  the  mechanical  pressure  between 
disk  and  substrate  when  the  metal  parts  thermally 
contracted.  This  way  of  cooling  does  not  give  quite 
as  low  a  final  temperature  as  cooling  the  substrate 
directly  with  liquid  nitrogen,  but  the  extra  noise 
due  to  the  vibrations  from  the  boiling  liquid  is  avoid¬ 
ed.  A  test  showed  that  with  this  set  up  we  could 
change  the  sample  temperature  from  -170  to  +600  C 
both  in  the  emission  and  evaporation  positions. 

After  roughing,  bake  out,  and  pump  down  to  ul- 
trahigh  vacuum,  the  substrate  was  heat  cleaned  at 
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more  than  450  °C  for  about  15  min,  and  the  e  gun 
and  source  material  were  outgassed  by  preevapor¬ 
ation  with  the  shutter  closed.  The  evaporations 
were  made  with  an  e  gun  48  cm  from  the  substrate. 
The  material  used  was  intrinsic  grade  polycrystalline 
Ge  obtained  from  Eagle- Picher.  The  rate  of  depos¬ 
ition  and  the  final  film  thickness  were  monitored 
with  a  quartz  microbalance  mounted  next  to  the 
substrate.  All  films  studied  in  this  work  were  about 
1000  A  thick.  During  the  evaporations  the  chamber 
base  pressure  of  1*  10  10  Torr  rose  to  7x  10'8  Torr 
for  a  deposition  rate  of  2  A/sec.  The  higher  de¬ 
position  rate  of  26  A/sec  increased  the  pressure 
to  lxlO"1  Torr. 

III.  RESULTS  AND  DISCUSSION 
Comparison  to  Previous  Experiment 

An  EDC  from  a  film  evaporated  onto  a  room-tem¬ 
perature  (RT  =  293  °K)  substrate  at  a  rate  of  2  A/ 
sec  is  compared  in  Fig.  1  to  an  EDC  measured  by 
Spicer  and  Donovan. 8  While  there  is  general  over¬ 
all  agreement,  the  two  noticeable  differences  in 
our  EDC  are  the  0. 25-eV  shift  of  the  main  peak  to 
higher  energy  a:d  the  extra,  very  weak  structure 
3  eV  below  the  main  peak.  We  attribute  the  shift 
of  the  main  peak  to  the  improved  resolution  obtain¬ 
ed  using  the  screened-energy  analyzer. 12  We  lo¬ 
cate  the  position  of  the  main  peak  1. 25  eV  below 
the  valence-band  edge.  The  new  structure  is  too 
weak  for  us  to  conclude  whether  or  not  it  is  due  to 
a  real  increase  in  the  initial  density  of  states.  It 
appears  just  as  probable  that  it  originates  from  a 
superposition  of  scattered  electrons  onto  the  bottom 
of  the  valence  band.  This  weak  shoulder  is  visible 
through  several  photon  energies,  10.2-11.7  eV, 
at  about  the  same  position  relative  to  the  main  peak . 
When  the  measurements  on  this  film  were  repeated 
at  a  sample  temperature  of  - 170  °C,  a  sharpening 
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FIG.  1.  A  comparison  of  amorphous  Ge  EDC’s  of 
Spicer  and  Donovan  (Ref.  9)  and  of  the  present  work  show¬ 
ing  the  0. 25-eV  shift  of  the  main  peak  and  the  extra  low- 
energy  structure  3  eV  belbw  the  main  peak 


of  the  leading  edge  of  about  0. 08  eV  was  observed 
at  lower  photon  energies.  We  attribute  this  shift 
to  a  reduced  electronphonon  scattering. 

Location  of  Valence- Band  Edge 

A  difficult  problem  in  photoemission  studies  of 
semiconductors  is  to  place  the  high-energy  cutoff 
properly,  thereby  locating  the  valence-band  edge. 

The  cutoff  in  the  semiconductor  is  caused  by  the 
density  of  states  and  is  not  so  steep  as  the  metallic 
cutoff  due  to  the  Fermi  function  at  RT.  Also  since 
the  edge  is  broadened  by  the  instrumental  resolu¬ 
tion  function,  it  is  necessary  to  somehow  decon¬ 
volve  the  experimental  curve  to  find  the  true  cutoff 
in  the  density  of  states.  (We  shall  use  the  concept 
of  resolution  function,  meaning  the  experimental 
curve  obtained  from  measuring  an  emitted  6 -func¬ 
tion  distribution.  Effectively,  it  is  the  same  as 
the  conventional  “window”  in  ordinary  spectroscopy, 
only  with  the  opposite  shift  in  nonsym  metric  cases.) 

In  order  to  find  the  valence-band  edge  in  amor¬ 
phous  Ge  we  have  used  the  following  procedure  based 
on  comparison  with  the  cutoff  for  a  metal.  The 
EDC’s  of  Au  films  were  recorded  in  the  same  geom¬ 
etry  and  at  the  same  low  photon  energies  as  the 
Ge  films.  Taking  the  metallic  cutoff  as  the  mid¬ 
point  of  the  linear  part  of  the  high-energy  edge  gave 
a  total  width  of  the  EDC  which  was  in  excellent 
agreement  with  the  difference  between  the  photon 
energy  and  work  function  of  the  collector  as  deter¬ 
mined  independently  by  a  Fowler  plot  of  the  yield. 
Such  a  cutoff  in  the  middl  ■  of  the  high-energy  edge 
indicates  that  the  resolution  function  is  symmetric 
as  can  be  seen  from  the  idealized  case  in  Figs.  2(a) 
and  2(b).  A  symmetric  (case  1 )  and  nonsym- 
metric  (case  2)  resolution  function  are  shown  in 
Fig.  2(a),  where  the  arrows  symbolize  the  emitted 
5-function  distribution  of  electrons.  The  nonsy.n- 
metric  resolution  of  case  2  shifts  the  edge  to  lower 
energy  and  hence  shifts  the  cutoff  away  from  the 
middle  of  the  linear  region.  Since  imperfect  analyz¬ 
er  geometry  gives  a  nonsymmetrlc  resolution  func¬ 
tion  as  in  case  2,  we  suggest  that  this  error  is  un¬ 
important  compared  to  random  errors  such  as  an 
unevenness  in  the  analyzer  work  function  and  the 
spectral  linewidth  of  the  light.  The  principal  rea¬ 
son  for  the  insignificant  geometrical  error  is  prob¬ 
ably  the  screened-emitter  analyzer. 

In  order  to  get  a  quantitative  description,  the  two 
simple  models  of  a  rectangular  and  triangluar  res¬ 
olution  function  are  treated  in  Figs.  2(c)-2(f). 

The  true  emitted  density  of  states  in  the  metal  is 
assumed  to  be  broadened  only  by  the  Fermi  func¬ 
tion  which  we  approximate  by  a  straight  edge  like 
the  dotted  distribution  in  Fig.  2(c).  This  model 
neglects  the  curvature  of  the  Fermi  function  close 
to  0  and  1,  but  since  we  are  only  going  to  use  the 
straight  middle  part  of  the  edges  in  our  analysis  we 
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FIG.  2.  Convolution  of  linear  edges  with  model  resolu¬ 
tion  functions:  (a)  symmetric  and  nonsymmetric  rec¬ 
tangular  resolution  functions;  (b)  the  effect  of  convolving 
a  step-shaped  edge  with  the  resolution  functions  in  (a) 
showing  the  shift  of  the  edge  in  a  nonsymmetric  case; 

(c)  “metallic”  case,  showing  the  convolution  of  a  rec¬ 
tangular  distribution  function  with  a  linear  edge  of  smaller 
width;  (d)  “semiconductor”  case,  convolving  a  rectangular 
distribution  function  with  a  linear  edge  of  larger  width; 

(e)  like  (c)  but  with  a  triangular  resolution  function; 

(f)  like  (d)  but  with  a  triangular  resolution  function. 


consider  this  to  constitute  a  reasonable  first  ap¬ 
proximation.  By  convolving1®  the  rectangular  reso¬ 
lution  function  with  the  true  distribution  (dotted  line) 
we  obtain  the  measured  distribution  (full  line).  The 
measured  EDC  will  have  a  linear  region  with  a  cor¬ 
responding  interval  Lm  on  the  E  axis.  The  relation, 
Lm  =  W-xm,  where  W  is  the  width  of  the  resolution 
function  and  xm  the  width  of  the  true  distribution,  is 
easily  found.  To  determine  the  instrumental  con¬ 
stant  W  it  remains  to  decide  what  width  xm  should 
be  attributed  to  the  metallike  distribution.  This 
is  done  either  by  merely  plotting  the  room-tempera¬ 
ture  Fermi  function  or  by  using  the  first-order  ex¬ 
pansion  f  (E)=  |[  1  -  (E-Ef)/2kT]  and  extrapolating 
to /(E)-  0  and  1.  In  both  cases,  at  20  °C  a  value  of 
vM=  0. 10  eV  (2  4 kT)  is  obtained.  I  m  is  determined 
from  the  measured  Au  EDO’s  to  be  0. 15  eV  with 


good  reproducibility  through  several  low  photon  en¬ 
ergies.  We  conclude  from  the  Au  measurements 
and  from  an  analysis  of  these  simple  models  that 
the  resolution  function  is  symmetric  with  a  width 
IV  =  0. 25  eV. 

For  comparison,  the  effect  of  a  triangular  win¬ 
dow  is  shown  in  Fig.  2.  The  same  over- all  effect 
of  this  convolution  is  observed,  i.  e. ,  rounding  off 
corners  and  leaning  the  edge  back.  The  rectangular 
resolution  function  was  chosen  for  the  analysis  of 
the  experimental  results  since  it  appears  to  give 
marginally  better  agreement  with  the  experimental 
shape  and  is  simpler  to  convolve. 

A  striking  feature  in  the  experimental  EDC’s 
from  the  amorphous  Ge  is  that  their  leading  edges 
also  have  a  linear  part.  This  indicates  that  the  true 
distribution  has  a  linear  region  of  at  least  the  same 
length.  We  take  as  the  simple  model  for  the  semi¬ 
conductor  case  a  linear  edge  as  represented  by  the 
dashed  line  in  Fig.  2(d).  The  difference  from  the 
“metallic”  edge  is  that  the  slope  is  considerably  less 
steep  and  the  true  cutoff  is  at  the  end  of  the  edge. 
Figure  2(d)  shows  the  result  of  convolving  this  edge 
with  the  same  resolution  function  as  in  Fig.  2(c). 

Two  observations  should  be  made.  A  large  linear 
region  is  obtained  in  the  middle  of  the  edge  and,  as 
is  to  be  expected  when  the  resolution  function  has 
a  smaller  width  than  the  measured  structure,  the 
slope  of  the  edge  is  retained  in  that  linear  region. 
For  the  semiconductor,  the  relation  between  the 
linear  edge  and  the  width  of  the  resolution  function 
is  Lk  =  xK  -  W.  The  location  of  the  true  cutoff  is 
i  W  higher  than  the  end  of  the  linear  region,  which 
coincides  with  the  extrapolation  of  the  linear  part 
to  the  E  axis.  It  is  not  practical  to  relate  anything 
to  the  cutoff  of  the  instrumentally  broadened  EDC 
since  the  high-energy  “foot”  is  disturbed  by  noise 
and  zero  line  drift.  Again  for  comparison,  the 
effect  of  a  triangular  resolution  function  on  the  same 
edge  is  demonstrated  in  Fig.  2(f) .  This  model  ap¬ 
pears  to  exaggerate  the  linearity  of  the  experimental 
edge. 

The  application  of  the  analysis  above  to  recorded 
curves  of  Au  and  Ge  is  shown  in  Fig.  3.  Average 
values  of  Lt0  =  0.  29  and  at,c  =0  54  eV  are  found. 

The  valence-band  edge  is  placed  0. 31  ±  0.  05  eV  be¬ 
low  the  Fermi  level  by  measurements  from  several 
EDC’s  at  different  low  photon  energies.  The  extrap¬ 
olation  of  the  linear  part  of  the  edge  is  in  all  cases 
in  very  close  agreement  to  the  cutoff  obtained  in 
this  analysis,  which  shows  the  consistency  of  our 
simple  models  with  the  experimental  results. 

Results  from  Annealed  Films 

The  amorphous  films  obtained  by  evaporation 
were  all  annealed  in  successive  steps  by  raising 
the  substrate  temperature  for  about  1  h  to  a  prede¬ 
termined  value  and  remaining  at  (hat  temperature 
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FIG.  3.  Location  of  the  valence-band 
edge  of  amorphous  germanium  using  EDC’s 
from  Ge  and  Au  recorded  in  the  same  ge¬ 
ometry. 


for  half  an  hour.  A  precision  of  *  5  °C  was  usual. 
The  dramatic  effect  of  heat  treatment  at  300GC  and 
above  is  demonstrated  in  Fig.  4.  The  broad  struc¬ 
tureless  EDC  of  the  amorphous  material  is  trans¬ 
formed  into  the  rich  structure  typical  for  crystalline 
Ge.  After  the  final  photoemission  experiment  it  was 
furthermore  verified  by  x-ray  diffraction  that  the 
film  gave  (220)  diffraction  peaks  that  were  not  pres¬ 
ent  on  the  other  side  of  the  (111) -oriented  substrate. 
From  the  width  of  the  diffraction  peaks  the  size  of 
the  crystallites  was  estimated  to  be  200-300  A. 

Again  the  qualitative  agreement  with  the  anneal¬ 
ing  experiment  of  Spicer  and  Donovan8  is  satisfac¬ 
tory,  but  there  is  a  shift  in  the  crystallization  tem¬ 
perature.  Structure  characteristic  of  crystalline 
film  is  apparent  in  our  EDC’s  after  annealing  at 
250-300  °C  and  is  fully  developed  after  annealing 
at  300-350  °C.  The  corresponding  temperature  in¬ 
tervals  for  the  Ge  films  of  Donovan  and  Spicer  are 
300-400  and  400-450  °C,  resepetively,  and  the  EDC’s 
display  a  more  gradual  change.  There  still  remains 
some  uncertainty  about  the  source  of  these  differ¬ 
ences.  Adamski17  has  shown  experimentally  that 
the  amorphous  to  polycrystalline  and  polycrystal¬ 
line  to  epitaxial  transformation  temperatures  are 
very  sensitive  to  oxygen  partial  pressures  as  low 
as  5x  10'*  Torr  during  evaporation.  Nowick18 
also  argues  that  the  presence  of  any  impurities 
that  are  insoluble  in  the  cystalline  phase  stabilizes 
the  amorphous  phase.  Crystallization  would  force 


such  impurities  to  separate  out  in  a  second  phase 
which  corresponds  to  a  high  activation  energy. 

The  lx  10' 11  Torr  base  pressure  quoted  by  Spicer 
and  Donovan  is  better  than  ours,  so  the  only  appar¬ 
ent  sorce  of  extra  oxygen  in  their  experiment  is 
their  higher  pressure  during  evaporation,  lxlO'7 
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FIG.  4.  The  effect  of  annealing  on  the  EDC’s  of  amor¬ 
phous  Ge  films.  The  curves  are  normalized  to  the  ab¬ 
solute  photoelectric  yield. 
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Torr  as  compared  to  our  7x  10  ®  Torr.  We  note 
however  that  the  poorer  vacuum  with  the  high  evap¬ 
oration  rate  discussed  below  did  not  effect  the 
crystallization  temperature.  The  preparation  of 
the  crystalline  substrates,  polishing  and  later  heat 
cleaning  in  high  vacuum,  was  virtually  identical  in 
both  experiments  so  approximately  the  same  amounts 
of  substrate  oxides  were  probably  present  initially. 

As  was  originally  noted  by  Spicer  and  Donovan 
the  high-energy  edge  of  the  EDC’s  for  amorphous 
Ge  is  at  least  as  sharp  as  for  polycrystalline  Ge. 

In  fact  the  crystalline  edge  is  somewhat  less  steep, 
which  can  be  understood  as  an  effect  of  parabolic 
bands.  It  should  be  noted,  however,  that  photo¬ 
emission  alone  cannot  rule  out  the  possibility  of  a 
very  small  density  of  states  in  the  gap  ~  1011  cm'  , 
as  reported  by  Tauc,  Menth,  and  Wood19  for  amor¬ 
phous  As2S3. 

A  striking  feature  of  Fig.  4  is  the  similarity  be¬ 
tween  the  EDC’s  from  films  heated  only  up  to  250° 

C.  This  result  is  different  from  the  recent  results 
of  Theye  10  who  observes  a  gradual  change  in  re¬ 
fractive  index  and  absorption  coefficient  for  anneal¬ 
ing  temperatures  well  below  the  crystallization 
temperature  (400  C).  Theye  attributes  this  change 
to  unsatisfied  bonds  which  decrease  in  number  when 
the  film  is  annealed.  We  believe  that  these  unsatis¬ 
fied  bonds  are  surface  states  on  microvoids  as  dem¬ 
onstrated  for  amorphous  Si  by  Moss  and  Graczyk.20 
Arguing  against  the  presence  of  microvoids,  Theye 
claims  that  her  films  showed  no  decrease  in  den¬ 
sity  when  annealed.  A  decrease,  however,  should 
only  occur  if  the  voids  migrated  to  the  surface,  but 
not  if  they  merely  coalesced  and  thereby  reduced 
the  void  surface  and  the  number  of  "dangling  bonds.  ’ 
Independent  of  what  the  defects  are  that  cause 
the  gradual  changes  upon  annealing  in  Theye’s 
films,  it  seems  as  if  they  are  not  present  in  our 
films.  A  shift  in  the  absorption  edge  of  about  0. 4 
eV  (Fig.  4,  Ref.  10)  would  show  up  in  the  EDC’s 
unless  all  the  shift  was  due  to  a  change  in  the  final 
density  of  states  below  the  vacuum  level,  an  assump¬ 
tion  that  appears  rather  artificial.  The  obvious 
reason  for  the  absence  of  defects  should  then  be 
the  several-orders-of- magnitude- lower  base  pres¬ 
sure  in  our  case.  Theyes  high  deposition  rate  al¬ 
most  makes  up  for  the  quoted  10'®-Torr  evapora¬ 
tion  pressure  from  the  point  of  view  of  contamina¬ 
tion.  The  fact  that  the  crystallization  temperature, 
however,  was  100  °C  higher  than  ours  seoms  to 
indicate  the  presence  of  more  impurities  '  as 
discussed  above.  The  importance  of  Theye’s  work 
therefore  is  that  it  demonstrates  that  it  is  possible 
by  careful  annealing  to  approach  “th<  perfect  amor¬ 
phous  state”  obtainable  directly  in  uhv.  In  view 
of  these  experiences  it  is  tempting  to  speculate 
that  the  controversy3’8’7'21  about  tailing  in  the  den¬ 
sity  of  states  into  the  forbidden  gap  is  caused  by 


different  preparation  techniques  giving  rise  to  more 
or  less  voids22  in  the  film.  The  number  of  voids 
is  substantially  reduced  if  the  film  is  deposited 
under  clean  conditions  in  ultrahigh  vacuum. 

Recently  it  has  been  noted  by  Donovan25  and 
Spicer  that  Ge  typically  evaporates  in  the  forms  Gej, 
Ge2,  Ge3,  and  Ge4  and  that  the  composition  of  the  ma¬ 
terial  striking  the  substrate  could  effect  the  charac¬ 
teristics  of  amorphous  films  so  formed.  One  would 
expect  the  "perfect”  amorphous  film  to  be  most 
closely  approached  when  Ge  arrives  at  the  substrate 
as  separated  atoms.  Low  evaporation  temperatures 
and  long  evaporation  distances  should  maximize 
this  since  the  fraction  of  atomic  Ge  is  highest  at 
low  temperatures  and  since  as  the  evaporation  dis¬ 
tance  is  increased,  the  probability  of  Ge2,  Ge3,  or 
Ge4  breakup  to  produce  more  atomic  Ge  is  increased. 
We  did  not  check  this  hypothesis  but  we  consider 
it  to  be  a  possible  explanation  for  the  discrepancies 
reported  in  the  literature  on  the  properties  of  amor¬ 
phous  germanium. 

Effect  of  Substrate  Temperatures 

In  subsequent  evaporations  the  effect  of  different 
substrate  temperatures  was  investigated.  This  is 
exemplified  for  the  substrate  temperatures  -  170, 

20,  150,  and  260  C  in  Fig.  5.  The  slight  broaden¬ 
ing  of  the  150  C  curve  is  most  likely  due  to  the 
fact  that  it  was  recorded  with  a  conventional  diode 
analyzer  rather  than  with  the  screened-emitter 
analyzer.  We  find  it  a  rather  remarkable  verifica¬ 
tion  of  the  well-defined  properties  of  amorphous 
Ge  that  the  EDC’s  varied  so  little  over  a  range  in 
substrate  temperature  as  large  as  320  C. 

Apparently,  the  260  C  substrate  temperature 
was  just  as  effective  to  crystallize  the  material  as 
a  300  °C  anneal.  This  is  easy  to  understand,  as 
pointed  out  by  Nowick, 18  from  the  fact  the  mobility 
required  for  crystallization  is  easier  to  obtain  on 
a  free  surface  during  an  evaporation  than  in  the 
already  built-up  film.  The  films  evaporated  at  the' 
three  lower  temperatures  all  crystallized  in  the 
same  250-350  °C  range  in  contrast  to  the  observa¬ 
tion  of  Theye  11  who  reports  a  lower  crystallization 
temperature  the  higher  the  substrate  temperature. 
Tentatively,  we  suggest  that  this  discrepancy  is 
due  to  the  larger  amount  of  voids  in  Theye’s  films 
The  voids  in  the  imperfect  amorphous  film  impede 
crystallization,  but  they  are  reduced  in  number 
when  the  substrate  is  heated  due  to  the  higher  sur¬ 
face  mobility  of  the  impinging  atoms. 

The  object  of  the  260  C  evaporation  was  to  see 
if  the  high -density  form  of  amorphous  Ge,  reported 
by  Donovan  et  «f.,22  had  some  characteristic  fea¬ 
ture  in  photoemission.  Due  to  the  lower  crystalli¬ 
zation  temperature  this  question  remains  to  be 
answered.  In  principle  the  high-density  phase 
could  have  been  formed  on  the  150  C  substrate, 
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FIG.  5.  The  effect  of  different  substrate  temperature 
on  the  EDO’s  of  Ge  films.  The  150 'C  curve  was  re¬ 
corded  with  a  conventional  diode  analyzer. 

but  in  such  a  case  the  same  EDC’s  were  obtained 
as  in  the  case  of  the  normal-density  amorphous 
film. 

Effect  of  Rate  of  Deposition 

To  investigate  what  influence  the  evaporation  rate 
could  have  on  the  EDC’s  of  amorphous  Ge,  one 
evaporation  was  tried  with  as  high  a  rate  as  was 
possible  within  the  constraints  of  the  long  source- 
to-substrate  distance  and  the  desire  to  maintain  a 
pressure  <,lx  10”7Torr.  A  rate  of  26  A/sec  was 
recorded.  This  is  far  from  the  200  A/sec  reported 
by  Theye, 10,11  but  it  was  hoped  that  any  gross  effect 
of  deposition  rate  would  be  revealed  by  the  increase 
from  2  to  26  A/sec.  A  pressure  of  lx  10' 7  Torr 
during  an  evaporation  of  more  than  30  sec  corres¬ 
ponds  to  a  maximum  contamination  of  1  to  2  mono¬ 
layers  of  gas  molecules  over  the  1000  A  of  the  film. 
Therefore,  it  is  not  conclusively  demonstrated  that 
the  shift  to  lower  energy  of  the  main  peak  and  the 
broadening  of  the  high-energy  edge  in  Fig.  6  really 
stems  from  the  high  evaporation  rate.  The  possi¬ 
bility  of  contamination  cannot  be  ruled  out. 

Photoelectric  Yield 

The  yield  of  photoemitted  electrons  per  incident 
photon  was  measured  over  the  entire  energy  range 
usini,  a  calibrated  CssSb  photocell21  and  a  +45  V  bias 
on  the  collector.  The  absolute  yield  was  calculated 
using  the  formula  Y=y/{\-  R)T,  where  y  is  the 
yield  found  from  measurement,  R  is  the  reflectivity 
of  the  film,  and  T  is  the  transmission  of  the  LiF 
window.  Since  no  reflectivity  data  for  fine  grain 
polycrystalline  films  were  available  we  chose  to 


FIG.  6.  Two  normalized  EDC’s  of  Ge  films  deposited 
on  RT  substrate  at  different  rates. 


use  reflectivity  data  for  amorphous  Ge. 

The  resulting  yields  for  amorphous  and  annealed 
film  are  presented  in  Fig.  7.  At  high  energies  the 
yield  of  the  amorphous  film  is  between  the  yield  of 
the  film  annealed  at  300  and  450  °C.  We  believe 
that  this  surprising  result  can  be  interpreted  in  the 
following  way.  Assuming  that  our  amorphous  Ge 
forms  an  ideal  or  almost  ideal  tetrahedral  random 
network, 25  it  is  easily  conceived  that  the  thermal 
scattering  is  higher  than  in  a  single  crystal  with 


FIG.  7.  The  absolute  photoelectric  yield  for  an  as  dc' 
positedGc film,  after  a  300  C  anneal  and  after  a  450  C 
anneal. 
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FIG.  8.  The  photoelectric  yield  of  amorphous  Ge  fitted 
to  the  relation  of  Ref.  28. 


long-range  order.  This  will  give  the  amorphous 
film  a  higher  yield  since  increased  probability  of 
elastic  or  almost  elastic  scattering  will  increase 
the  probability  that  an  excited  electron  reaches 
the  escape  cone.®6  This  argument  is  based  on  the 
assumption  that  the  electron-electron  scattering 
length  is  larger  than  the  defect  scattering  length. 
The  first  annealing  step  to  300  °C  can  then  be  under¬ 
stood  as  breaking  up  the  network  and  creating  small 
crystallites  («200A).  The  large  amount  of  inter¬ 
nal  surface  barriers  will  increase  the  total  scat¬ 
tering  giving  rise  to  the  higher  yield  obtained.  Con¬ 
tinued  annealing  to  350-450  °C  increases  the  grain 
size  which  will  reduce  the  scattering  and  thus  the 
yield  in  complete  qualitative  agreement  with  the 
results  in  Fig.  7.  The  choice  of  amorphous  reflec¬ 


tivity  data  cannot  be  responsible  for  this  effect, 
since  reflectance  values  reported®1  for  crystalline 
Ge  would  make  the  yield  for  the  450  C  annealed 
film  even  lower  by  as  much  as  25%  at  11  eV.  It 
could,  however,  make  the  difference  between  the 
amorphous  and  the  300  °C  annealed  film  much 
smaller.  It  can  be  remarked  that  this  behavior  of 
the  yield  through  annealing  would  be  very  difficult 
to  reconcile  with  any  kind  of  microcrystalline 
model  where  the  annealing  process  has  to  be  con¬ 
ceived  as  a  successive  growth  of  microcrystallites. 

Attempts  to  fit  the  energy  dependence  of  the  yield 
for  the  amorphous  film  to  any  simple  power  law®6 
failed,  even  for  energy  ranges  close  to  threshold. 
Very  recent  results  of  Ballantyne,®9  however,  gave 
a  remarkably  good  fit  over  a  range  of  almost  3  eV 
as  seen  in  Fig.  8.  The  energy  dependence  of  the 
yield  derived  by  Ballantyne  for  the  case  of  a  rec¬ 
tangular  energy  distribution  of  e;rclted  electrons  is 
Y  cc  (he  -  tp)3/(he)z,  where  he  is  the  photon  energy 
and  <p  is  the  threshold.  The  derivation  of  this  for¬ 
mula  includes  a  smearing  out  of  the  rectangular 
distribution  by  a  phenomenological  scattering  against 
phonons,  defects,  impurities,  or  surfaces.  The 
extrapolated  value  for  the  threshold  is  found  to  be 
4. 98 ± 0. 04  eV,  in  good  agreement  with  the  sum  of 
the  values  for  the  work  function  4. 63  ±  0. 04  eV  and 
the  difference  in  energy  between  Ferr.ii  level  and 
valence-band  maximum  0. 31  ±  0. 05  eV  that  were 
obtained  from  the  EDC’s. 
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near  s  *  2,  whereas  |f[z  has  a  maximum  value  of  7  and  Is  usually  far 
below  this  value  throughout  the  same  region.  Throughout  the  region* 
|f[£  is  less  than  15X  of  l£(s).  Similar  results  are  obtained  for  the 
two  shell  crystallite. 
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APPENDIX  I 
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CO 


O 


i  a  I 


1 


Te-Te  pairs  is  then  determined  only  by  these  coordination  numbers  and  the 
composition.  This  model  also  gives  very  good  agreement  with  the  areas  of 
the  first  peaks  in  the  radial  distributions  for  the  x^O.ll  and  0.54  samples. 


with  a  walua  of  0.014  for  'a'  in  the  arbitrary  temperature 


<x 

CO 


Transformation  of  the  data  to  obtain  the  radial  distribution  was 
performed  in  the  normal  fashion,  as  described  in(BB0)for  the  x-ray  case 


Ill  The  Radial  Distributioos 


judicious  choice  of  the  arbitrary  temperature  factor  in  the  transformation 


In  thi»  and  the  sections  which  follow,  physical  models  for  possible  Dilute  x  Threefold  Coordinated  Model 

coordinations  and  equations  for  the  area  under  the  first  neighbor  RDF  *n  t*lls  “del,  it  is  assumed  that  every  Ge  is  surrounded  by  3  Te 

pnak  are  presented.  The  derivations  of  these  equations  are  presented  in  atoms.  For  every  Ge,  there  is  also  a  Te  coordinated  by  one  Ge  and  two  Te 


pectcd  to  have  three  nearest  neighbors  in  keeping  with  the 


by  one  Ge  and  two  Te  atoms.  This  sets  an  upper  limit  of  x=0.17  on  the 

model.  From  the  picture  presented  thus  far,  it  is  apparent  that  there 

must  be  Nx  Ge  atoms  and  Nx  Te  atoms.  To  maintain  charge  neutrality  and 

the  coordination  in  these  alloys,  there  must  also  be  2Nx  atoms  denoted 
* 

Te  which  are  coordinated  by  one  Ge  and  one  Te.  Finally,  there  are 
(l-4x)N  Te  atoms  which  are  coordinated  by  2  Te's.  These  numbers  lead  to 
Eq.  (3). 

Phase  Separated  Threefold  Coordinated  Model 

Here,  the  system  is  assumed  to  be  separated  into  threefold  coordinated 
GeTe  plus  twofold  coordinated  Te.  Writing  Ge  Te.  as  (GeTe)  Te.  .  ,  we 

X  I-X  X  1"/X 

see  that  there  are  3Nx  Ge-Te  pairs  and  (l-2x)  Te-Te  pairs,  leading  to 
Eq.  (4). 

Dilute  x  Fourfold  Coordinated  Model 

In  this  model,  it  is  assumed  that  every  Ge  is  surrounded  by  4  Te  atoms, 
and  every  Te  is  surrounded  by  2  atoms.  The  total .{.umber  of  nearest  neigh¬ 
bor  pairs,  Np,  can  be  evaluated  by  summing  the  number  of  pairs  contributed 
by  the  Ge  atoms,  4Nx,  and  the  number  of  pairs  contributed  by  the  Te  atoms, 
2N(l-x),  and  then  dividing  by  2  because  each  pair  has  been  counted  twice 
in  the  sum.  Hence,  we  find 

Np  =  N[4x  +  2(l-x)]/2  =  N( 1+x) .  (A.l) 

The  number  of  Ge-Te  nearest  neighbor  pairs  is  4Nx  since,  in  this  model, 
every  Ge  is  surrounded  by  4  Te's.  The  number  of  Te-Te  pairs  is  then  given 
by  Np-4Nx  =  N(l-3x),  since  there  are  no  Ge-Ge  pairs.  This  leads  to  Eq.  (5). 
Random  Covalent  Fourfold  Coordinated  Model 

The  numbers  of  pairs  for  this  model  have  been  listed  by  BBO. 
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show  no  evidence  of  an  cctahedrally  coordinated,  doubly  ionized  Ge  species. 
The  existence  of  two  separated  glass-forming  regions  appears  to  result  from 
characteristics  of  the  melt,  rather  than  ttructural  features  of  the  glasses. 
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ANALYSIS  OF  PHOTOCONDUCTIVITY  IN  AMORPHOUS  CHALCOGESIDES 


being  captured  at  or  below  E*  ,  end  hole#  being  captured 


Intensities  with  Transitions  3  dominating. 


the  dark  conductivity;  viluea  of  the  savnltude  of  the  photoconductivity  In  number*  ohtalned  appear  fairly  reaaonahle,  although  there  may  be  in 

the  high-.  Intermediate-  (both  high  and  lb*  lntenaitlea)  and  lo»-temperature  Internal  dlacrepancy  between  the  aaauned  form  of  the  aaymmetry  (aee 
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Application  of  the  nodal  to  a  greater  range  of  neasureaents  for  a 
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TABLE  tV 


Expressions  for  the  Carrier  Density  for  Symmetric  Uniform  and  Exponential  L  State  Dlatrlbutlona 


Baal l*a l(nal 

A"  tf»0 

Hlgh-tempcrature  aids 
of  naxiaua 


Larre-slgnal 

Low-temperature  aide 
of  maximum 


Uniform 

"Diffuse"  Exponential 

T*>  T 

f 

flcV)^  .<V*foV“* 

S  C°  0  kT  ln(C*/2C°) 

4  C°  0  kT  £l  -  ( 2C°/C±)T/T  J 

F 

.  (•  if* 

,c°] 

WcJ  l  e  c  ' 

Sharp"  Exponential 
T*<  T 


TABLE  V 

Teats  for  Consistency  between  Photoconductivity  and  Dark  Conductivity  Activation  Energies 

for  °«lJTe81Sb2S2 


Model 


eV 


E  ,  eV 


Predicted 

V  ,v 


Measured 

V  • ,v 


Symmetric 

ML  to  L  Transitions 
Only 

Ho  Mobility  Activation 
Energy 


2 

0.1S 


B* 

2 

0.18 


2 

0.92  0.44 


Symmetric 

ML  to  L  Transit  Iona 
Only 

Mobility  Activation 
Energy ,  y 


0.18 


B* 

2 


0.18 


a 

o.sa  + 


y 

ay 


0.44 


Byaaetrlc 

L  to  L  Transitions 
In  Intermediate- 
Temperature  Rante 
Mobility  Activation 
Energy,  Eu 
ML  to  L  Transitions 

in  Hlih-Temperature 
Ranee 


is 


-  B* 


y 


0.16 


e*  ♦  y 
0.18 


*y 


0.34  +  E„ 

r 


0.44 


(indicates  E 

r 


fEfo’/OT 


0.1  eV) 
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TAI.!X  VI 


Characteristic  Energy  Values  aa  Obtained  fro*  Experlaant  by  Application  of  the  Modal 


Material 

Model  Form 

_ Q  1 

.  «V 

*«°  If* 

E£  ,  eV 

*?o  **V 

V  .  *v 

0ei3TeiisVa 

Symmetric, 
Tranaitlon  1 
dominant  at 
high  T 

o.os 

0.60 

0.34 

0.10 

Asymmetric  ,C 
Tranaitlon  1 
dominant  at 
high  T 

(0.07)b 

0.60 

(0.33)b 

(0.1l)b 

Asymmetric,6 
Tranaltiona  3 
dominant  at 
high  T 

(0.07)b 

(0.67)b 

(0.33)b 

<0.1l)b 

8lllC*llA“3JP3T* 

Symmetric, 
Transition  1 
dominant  at 
high  T 

0.15 

0.63 

0.39 

0.05 

°,l«A,33T,388ai 

Symmetric , 
Tranaitlon  1 
dominant  at 
high  T 

0,30 

0.84 

0.97 

0.00 

B*  »  E»°  -  W{E*°/E“) 

;  *n  - 

V?  -  W  - 

b  Valuaa  not  datarmlnata  Iron  photoconductivity  alona;  value  of  1°  ■=  0.33  eV  obtained  iron  thermoelectric  date 

zo 

»c<»v  *  (Ec  -  E£)  >  !  «<.(*£)  <  «V(EJ)  ;  Bfo<  V2 


TABLE  VII 

Numerical  Valuaa  of  Paraaetera 
*«  0,iaT*«l8ba8a  tor  ***•  Lllt*d  In  Table  VI 


Paraaeter 

Symmetric,  Transition  1 
dominant  at  high  T 

Asymmetric, 
Transition  1 
doalnent  at  high  T 

Asymmetric, 
Tranaitlon  2 
dominant  at 
high  T 

./‘l.T  •  “  A"*** 

0.0036 

0.0013 

0.0013 

C  ,  ca3/aec 

9  a  lo'8 

Undetermined 

Undetermined 

g  (I*),  ca'3  .V'1 
c  c 

1.9  a  1019 

r,  .  , ,20. a 

(1.4  a  10  ) 

ioM 

-  3, 

E,  ca  /aec 

3.1  a  10*7 

3.3  a  lo"6 

3.3  a  lO*8 

«v( *J) .  ca"3  eV*1 

1.9  a  1019 

1.1  a  1019 

1.1  a  1019 

cm’3 

3.8  a  1018 

1.3  a  1019 

1.3  a  1019 

*"  »f0.  •«  ' 

AA 

3.0  a  108 

1.3  a  107 

1.3  a  107 

Aaauaing  valuaa  of  z*o  «  10  ca2/v-aec  and  C°  «  10*9  ca3/aec. 


Dateralnable  only  if  C  of  aynaatrie  cafe  la  aaauaed  to  bold; 
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Intensities;  In  the  lo.-teeper.tum  teflon,  trsnsltlons  4  doelnste 
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Fig.  2 


DENSITY  OF  EFFECTIVE 
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